MATERIALS AND METHODS Galactose inhibited auxin-induced cell elongation of oat coleoptiles but not that of azuki bean stems. Galactose decreased the level of UDP-glucose in oat coleoptiles but not in azuki bean hypocotyls. Glucose-l-phosphate uridyltransferase activity (EC 2.7.7.9), in a crude extract from oat coleoptiles, was competitively inhibited by galactose-l-phosphate, but that enzyme from azuki bean was not. A correlation was found between inhibition of growth by galactose and inhibition of glucose-l-phosphate uridyltransferase activity by galactose-l-phosphate using oat, wheat, maize, barley, azuki bean, pea, mung bean, and cucumber plants. Thus, it is concluded that galactose is converted into galactose-l-phosphate, which interferes with UDP-glucose formation as an analog of glucose-l-phosphate.
Auxin-induced cell elongation of oat coleoptile segments has been reported to be inhibited by exogenously applied galactose (3, 4, 14, (20) (21) (22) (23) . In oat coleoptile segments, galactose does not affect factors involved in growth regulation such as IAA uptake, IAA metabolism, osmotic concentration of cell sap, uptake of tritiated water, respiration, auxin-induced depolymerization of xyloglucan, auxin-induced degradation of glucan, and mechanical properties of the cell wall (21) . However, it strongly interferes with incorporation of labeled glucose into cell wall fractions (3, 4, 9, 21) . We demonstrated that galactose inhibits auxininduced elongation of oat coleoptile segments by inhibiting UDPglucose formation which is a key intermediate for cell wall polysaccharide synthesis (9, 10) . The galactose effect on UDPglucose formation can be explained by the fact that Gal 1-P2 competitively inhibits synthesis of UDP-glucose from UTP and G 1-P by proteins of oat coleoptiles (9, 21) .
However, exogenously applied galactose shows very little effect on auxin-induced elongation of several dicot stem segments unlike that of oat coleoptile segments (20) . There is a possibility that such a differential effect of galactose on auxin-induced growth is due to its differential effect on UDP-glucose formation and cell wall synthesis. In this study, we compared the effects of galactose on the in vitro formation of UDP-glucose in various plant species. The mechanism of the galactose inhibition was discussed. 2Abbreviations: Gal 1-P, galactose 1-phosphate; G 1-P, glucose 1-phosphate; Ki, inhibition constant.
Plant Materials. Oat (Avena sativa L.), wheat (Triticum aestivum L.), maize (Zea mays L.), and barley (Hordeum distichon L.) seeds were soaked in water for 2 h, germinated and grown on water in a plastic tray in the dark for 4 d as described previously (20) . Coleoptile segments were excised from 35 to 45 mm long coleoptiles with the first leaves removed and pooled in distilled water for 2 h.
Azuki bean (Vigna angularis Owhi and Ohashi), mung bean (Vigna radiata (L.) Wilczek), cucumber (Cucumis sativum L.), and pea (Pisum sativum L.) seeds were soaked in running water overnight, germinated and grown on water in a plastic tray in the dark for 6 d as described previously (20) . Hypocotyl or epicotyl segments were excised from their upper portion and pooled in distilled water for 2 h.
Growth Experiments. Organ segments (10 mm long) were floated on the test solution, (10 mM K-phosphate, pH 6.5) containing or not containing 10 AuM IAA and/or 10 mm galactose for 6 h.
The segment length was measured every 2 h under dim light using a binocular microscope ( x 6.3) equipped with an ocular micrometer.
Determination of Sugar Phosphates and UDP-Sugars. The extraction and purification of sugar phosphates and sugar nucleotides were carried out according to the method of Carpita and Delmer (5) . Five hundred segments of epicotyls stored at -20°C were extracted for 30 min with 100 ml of 80% ethanol. The segments were again extracted for 30 min with an additional 100 ml of 80% ethanol. The segments were squeezed, and the ethanol extracts were combined. To the extracts, small amounts of radioactive anionic sugars (60-80 Bq each) were added to assess the recovery during isolation as reported previously (9, 10) . The combined extracts were chilled to -20°C and centrifuged at 1500g for 30 min. The supernatant solution was taken to dryness in vacuo at 40°C. The dried residue was resuspended in 10 ml of water and extracted twice with 10 ml of diethyl ether. The aqueous phase was concentrated to a small volume, and loaded onto a DEAE-Sephadex A-25 column (0.9 x 5.0 cm). The column was washed with 15 ml of distilled water, then anionic compounds were eluted with 15 ml of 0.5 M NH4HCO3. After the NH4HCO3 had been removed by drying in vacuo, the residue containing anionic compounds was resuspended in water and loaded onto a DEAE-Sephadex A-25 column (0.9 x 50.0 cm) equilibrated with 0.1 M NH4HCO3 (pH 8.0). The column was eluted with a 1 L linear gradient of 0.1 to 0.4 M NH4HCO3 (pH 8.0). Fractions of 10 ml each were collected, and A254 was measured. The total sugar content in each fraction was determined by the phenol sulfuric acid method.
Fractions comprising sugar phosphates or UDP-sugars were separately combined, lyophilized, and hydrolyzed with 2 M trifluoroacetic acid at 121°C for 90 min. The hydrolyzed materials were dried, reduced with sodium borohydride, then acetylated with acetic anhydride according to the procedures previously described (1, 16) , then subjected to GLC analysis to determine the sugar moieties of the anionic sugars.
A portion of each anionic sugar fraction was dissolved in 10 ml of scintillation cocktail, and the radioactivity was counted with a liquid scintillation spectroscope (Packard 460C). The recoveries of radioactive anionic sugars which had been added to 80% ethanol extracts were 45% (UDP-glucose), 42% (UDPgalactose), 82% (G 1-P), and 83% (Gal 1-P), respectively. The sugar phosphate and UDP-sugar contents were corrected using these values.
Enzyme Assay. Tissue segments were homogenized with 100 mm K-phosphate (pH 7.5) in a mortar with a pestle and centrifuged at 3000 rpm for 10 min. The supernatant fluids were dialyzed overnight against water then lyophilized. The lyophilized powder was dissolved in 20 mm K-phosphate (pH 7. Al. After incubation, the reaction mixture was heated for 3 min inboiling water to inactivate the enzyme activities. One ml water, 50 pl NAD (25 mg/ml), 100 Al glycine buffer solution (1 M, pH 8.7), and 50 Al UDP-glucose dehydrogenase solution (0.016 unit/ ml, Sigma U5500) were added to the reaction mixture and incubated for 2 h at 37°C. Then, the increased absorbance at 340 nm of the solution was determined.
RESULTS
Galactose at 10 mm inhibited IAA-induced elongation of oat coleoptile segments (Fig. 1) , while it did not inhibit IAA-induced elongation of azuki bean epicotyl segments (Fig. 2) , as reported previously (9, 20) . We demonstrated that galactose inhibited auxin-induced growth of oat coleoptile segments by inhibiting IAA and/or 10 mM galactose for 2 h. The sugar phosphate and UDPsugar fractions were extracted from the segments and sugar moieties in the fractions were determined by gas chromatography. (20) . Thus, we examined the possibility that galactose does not inhibit UDP-glucose formation in azuki bean epicotyl segments.
Oat coleoptile and azuki bean epicotyl segments were incubated with IAA and/or 10 mm galactose for 2 h. The sugar phosphate and UDP-sugar fractions were extracted, and sugar moieties were determined by GLC analysis (Figs. 3 and 4) . In oat coleoptiles, galactose conspicuously decreased the endogenous levels of UDP-glucose (Fig. 3) . On the other hand, in azuki bean epicotyls, galactose did not affect the endogenous levels of UDP-glucose (Fig. 4) . In both tissues, galactose caused a large increase in Gal 1-P and UDP-galactose either in the presence or absence of IAA, and IAA slightly increased the UDP-glucose level either in the absence or presence of galactose.
The activity of G 1-P uridyltransferases of oat plants is inhibited by Gal 1-P (22) and that of azuki bean may not be. Then, we examined crude extracts from these plant materials grown in the dark. The crude extracts showed a UDP-glucose synthesizing activity from G 1-P and UTP, that is, UTP:G 1-P uridyltransferase activity (EC 2.7.7.9). The optimum pH of these activities are about 7.5 in the presence of 1 mM MgCl2. The apparent Km of the UDP-glucose-forming enzyme was 0.5 mm for oat and 0.6 mm for azuki bean. Figures 5 and 6 show the effect of Gal 1-P on the enzyme activity from oat coleoptiles and azuki bean epicotyls. Gal 1-P competitively inhibited the UTP:G 1-P uridyltransferase activity of oat coleoptiles (Ki: about 6 mM), while it did not inhibit that of azuki bean epicotyl (K,: greater than 100 mM). These results suggested that the differential effect of galactose on UDP-glucose levels in different plants was difference in the affinity of UDP-glucose forming enzymes to Gal 1-P.
We reported that galactose inhibition appears to be-species specific (20) . Thus, effects of exogenously applied galactose on auxin-induced cell elongation in different plant materials were reexamined. Galactose inhibited auxin-induced cell elongation in coleoptile segments of wheat and maize and in epicotyl segments of pea, but-not that in stem segments of mung bean anld cucumber and in coleoptile segments of barley (Table I) .
Crude extracts from these plants showed a UDP-glucose synthesizing activity from G 1-P and UTP. The activity in the extract from wheat,.maize, and pea were inhibited by Gal 1-P (Table   II) . On the other hand, the activity in the extract from mung bean, cucumber and barley were not affected by Gal 1-P (Table  II) . There was thus a positive correlation between inhibition of Table II . Km for G 1-P and Ki for Gal 1-P of UTP: G 1-P Uridylyltransferases from Various Plant Materials Soluble proteins were prepared from coleoptiles of oat, wheat, maize, and barley plants, epicotyls of pea plants and hypocotyls of azuki bean, mung bean, and cucumber plants. UTP and G 1-P were treated with the protein extracted from each plant material in the presence or absence of Gal 1-P. The amount of UDP-glucose formed was measured with UDP-glucose dehydrogenase as the increase in the A at 340 nm. The apparent Km for G 1-P and K, for Gal 1-P were then determined. growth by galactose and inhibition of UDP-glucose synthesis by Gal 1-P.
DISCUSSION
Galactose inhibited auxin-induced cell elongation in oat, wheat, and maize coleoptile segments, while it did not affect that in azuki bean, mung bean, and cucumber stem segments (20) (Figs.  1 and 2 ; Table I ). We have proposed the mechanism of the galactose inhibition as follows (21, 22) : Incorporated galactose is first converted to Gal 1-P by the action of galactokinase, then the Gal 1-P in turn interferes with G 1-P uridyltransferase to inhibit the synthesis of UDP-glucose. A decrease in UDP-glucose level results in an inhibition of cell wall synthesis which is required for auxin-induced cell elongation, especially long term elongation (23) .
Galactose caused little change in UDP-glucose and G 1-P levels in 2 h in azuki bean epicotyl segments, suggesting that galactose did not affect the cell wall polysaccharide synthesis via UDPglucose formation, hence little affected IAA-induced cell elongation of the segments. The present study clearly demonstrated that Gal 1-P did not inhibit the UTP:G 1-P uridylyltransferase (EC. 2.7.7.9) activity from azuki bean epicotyls, while it competitively inhibited the enzyme activity from oat coleoptile segments. The apparent K, value of the enzyme for Gal 1-P was about 6 mM in oat but higher than 100 mM in azuki bean. This suggested that the differential effect of galactose on the UDPglucose level was due to differences in the affinity of the enzyme for Gal 1-P between oat and azuki bean.
Galactose is known to be toxic for growth of suspension cultures of sugarcane (12) , fronds of a Lemna species (6) , and root tips of maize (7) . On the other hand, galactose does not inhibit the growth of cucumber root tips (7) and various dicot stems (20) , and it is known to be a suitable carbon source for growth of cucumber callus cultures (8) and carrot suspension cultures (18, 19) . Thus, the galactose effect on growth appears to be species specific but probably not organ specific. We demonstrated that galactose differentially affected UDP-glucose formation in oat coleoptile and azuki bean stem segments, hence differentially affecting their growth. This implies that such a difference in UDP-glucose formation is a cause for differential effect of galactose on auxin-induced growth dicot and monocot plants.
It has been reported (17) that galactose treatment is inhibitory to growth in stem segments of pea plant. Although we had not been able to recognize the galactose effect on auxin-induced growth in pea stems (20) , the effect was reexamined. This time, we found that growth in a pea stem segment is inhibited by galactose (Table I ). This discrepancy may be due to previous misjudgment of a small inhibitory effect of galactose on growth in pea stems (cf. 20). Moreover, there is a monocot plant insensitive to galactose, that is, barley (Table I) . However, we do not know so far whether or not pea and barley are the only exceptions to the differential action of galactose on auxin-induced growth in dicot and monocot plants. We examined the G 1-P uridyltransferase from pea stems and barley coleoptiles grown in the dark. If galactose inhibition is due to inhibition of UDP-glucose synthesis by Gal 1-P, the enzyme from pea would be interfered with Gal 1-P and that from barley would not. In fact, UDPglucose synthesis by a crude extract from pea stems was inhibited by Gal 1-P (Table II) , and UDP-glucose synthesis by an extract from barley coleoptiles was not inhibited by Gal 1-P (Table II) . Even including pea and barley, there is a perfect correlation between inhibition of growth by galactose and inhibition of in vitro UDP-glucose formation by Gal 1-P. These results indicated that the galactose inhibition of growth is based on the inhibition of UDP-glucose formation.
